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The development of a single-cell zygote into an adult organism
depends on highly coordinated, complex processes that control
how and when cells divide, move, and change shape. The
regulation of cell shape and motility is critical for the formation of
functionally distinct tissues and organs and underlies a seminal
event during the early development of multicellular organisms
called gastrulation—when cells of different tissue types undergo
large-scale rearrangements in relation to one another [1]. These
processes also play an important role in the adult organism, for
example, in wound healing, when fibroblasts and other cells
migrate to the site of the injury to begin the process of healing [2],
and in pathological situations. For instance, cancer cells migrate
from their tissue of origin to populate distinct regions and organs
in a process called metastasis [3], which often leads to organ failure
and death in cancer patients.
Cells move and change shape at the direction of signals from
surrounding tissues, though the molecular mechanisms that drive
these signals remain obscure. A new study reported in this issue
of PLOS Biology sheds light on these processes by describing a
novel molecular mechanism that links extracellular signals to cell
shape changes in the nervous system [4]. The developing
nervous system is a useful model for investigating such
mechanisms, because a wide variety of extracellular cues direct
neurons as they form the structures and functional connections
that make up the central nervous system [5–7]. Nascent neurons
often migrate from their origin in the lumen of the neural tube to
populate distinct distal layers of their target tissues, resulting in
the layering of neurons in the spinal cord and cerebral and
cerebellar cortices. Neurons must also extend axons to specific
regions of the nervous system or periphery to make synapses with
the correct partners (e.g., muscles or other neurons), and they
remain capable of remodeling throughout adulthood. For
example, in the brain, synaptic contacts are dynamically formed,
lost, and modified in size and strength in response to neuronal
activity, a process referred to as synaptic plasticity [8]. These
physical changes in neuronal and synaptic shape are thought to
be a basis of learning and memory.
Each of these cell motility events—gastrulation, neuronal
migration, axon outgrowth, wound healing, and metastasis—share
common cellular features. When observed in the process of
development and migration, cells exhibit dynamic extension and
retraction of plasma membrane protrusions called lamellipodia
and filopodia that are fundamental to cell shape and motility
events (Figure 1A) [9,10]. Lamellipodia (from Latin, ‘‘thin plate
protrusions’’) extend dynamically from the leading edge of
migrating cells and axonal growth cones, the specialized structures
at the distal tips of developing axons that explore the environment
and drive axon extension (Figure 1A). Filopodia (from Latin,
‘‘thread protrusions’’) also emanate from the leading edges of
migrating cells and growth cones, often from the edges of
lamellipodia (Figure 1A). Dynamic lamellipodial protrusions are
thought to generate the force required for cell and growth cone
migration, whereas filopodia are thought to mediate the ability of
migrating cells and growth cones to navigate their environments
and sense cues as to their direction of migration and destination.
Furthermore, filopodia along the shaft of dendrites are thought to
be the initiating step in the formation of a new neuronal synapse, a
process important in synaptic plasticity, learning, and memory. In
this issue of PLoS Biology, the Research Article by Menna et al. [4]
describes a signaling pathway beginning with an extracellular cue
and ending with an actin-binding protein that regulates axonal
filopodia formation.
Cellular Origins and Functions of Filopodia
It is difficult to discuss filopodial origins without also discussing
lamellipodial genesis. The formation of lamellipodia and
filopodia is a remarkably complex interaction of multiple cellular
components involving coordinated activity of the plasma
membrane and the cytoskeleton [9–11]. Indeed, the actin
cytoskeleton is key to the formation of both lamellipodia and
filopodia (Figure 1B). In the lamellipodium, at the leading edge
of a migrating cell or growth cone, actin filaments undergo
constant polymerization and ‘‘push’’ against the plasma
membrane. Actin polymerization is polar, with most polymer-
ization occurring at one end of the actin filament (the plus, or
‘‘barbed,’’ end, so defined by its appearance in electron
micrographs after being decorated with the myosin S1 head
domain). In leading edges and growth cones, the plus ends of
actin filaments are oriented toward the periphery, so most
polymerization occurs at the periphery (Figure 1B). At the same
time, actin filaments are constantly being pulled away from the
periphery via a mechanism involving myosin motor proteins,
called retrograde flow. However, peripheral actin filaments are
also attached to their substrate through adhesion complexes,
such that when myosin motors attempt to drag them away from
the periphery, the anchored actin filaments do not move.
Instead, plasma membrane and cytoplasm are moved toward the
periphery over the anchored actin filaments, resulting in forward
translocation. The combination of plus-end actin polymeriza-
tion, retrograde flow, and cell adhesion in the lamellipodium
results in the motile force of cell and growth cone movement.
It has been proposed that a meshwork of actin filaments of
variable length and variable parallel orientation to the periphery
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bundles of long actin filaments that protrude away from the
periphery (Figure 1B). Recent studies indicate that the long
filopodial actin filaments originate in the lamellipodium [9,14].
Therefore, one key to the formation of filopodial actin filaments is
continued growth at their plus ends. Actin-capping proteins
normally block this activity by binding to the plus ends of actin
filaments, which stabilizes them and prevents their further growth.
A class of proteins called anti-capping proteins, such as the
Enabled protein, functionally compete with capping proteins for
the plus ends and take their place, thereby allowing the actin
filaments to continue plus-end growth [15]. Thus, anti-capping
proteins, such as Enabled, are necessary for long filopodial actin
filament formation. Indeed, Enabled proteins are localized to the
tips (the plus ends) of filopodial actin bundles. Filopodia formation
is thought to be dependent, in part, upon the relative activities of
actin-capping proteins and anti-capping proteins.
While one role of the lamellipodium seems to be to provide
motile force for migration, the role of filopodia is less clear.
Enabled, which is required for filopodia formation, is also required
for cell and axon outgrowth [16,17]. However, some migrating
cells and growth cones appear to be devoid of filopodia, and, in
genetic systems, loss of filopodia (e.g., in an Enabled mutant) can
have little or no effect on axon outgrowth [18]. One possibility is
that filopodia enhance outgrowth and guidance, possibly by
exploring the environment for guidance and outgrowth cues.
While not absolutely required, filopodia might provide an
exploratory function to ensure that the correct cues are found
and interpreted. In the nervous system, filopodia that protrude
from the lengths of the dendrites might be the initiating events in
the formation of post-synaptic structures [19,20], which specialize
in conveying responsiveness to neurotransmitter release. Plasticity
of the nervous system depends on the dynamic formation and
modification of synapses, and dendritic filopodia might be
involved in initiating this process.
Importance of Localized Filopodia Formation in
Response to External Cues
Diverse cues in the extracellular environment—including
proteins, carbohydrates, and small molecules—guide migrating
cells and growth cones to their targets [21,22]. Well-characterized
examples of guidance cues include proteins of the netrin, slit, and
ephrin families. Migrating cells and growth cones express
transmembrane receptor molecules that specifically recognize
these different guidance cues. In response to these cues, the
lamellipodial and filopodial dynamics of the migrating cell or
growth cone are altered, resulting in increased protrusion (in the
case of an attractive signal) or collapse (in response to a repulsive
signal). Thus, extracellular cues influence filopodia formation, and
this process is important for guided outgrowth and migration.
Likewise, synapse initiation can be controlled by local cues present
in the environment. The mechanisms by which extracellular cues
are translated into changes in the actin cytoskeleton underlying
filopodia formation are not well understood and remain of
significant interest to cell and developmental biologists.
Menna et al. provide insight into this signal transduction process
by reporting a mechanism by which an extracellular cue regulates
the formation of axonal filopodia in cultured brain hippocampal
neurons (Figure 2) [4]. The neurotrophin brain-derived neuro-
trophic factor (BDNF), a protein secreted by synaptic targets to
modulate neuronal survival and differentiation, has long been
known to induce axonal filopodia formation when applied to
cultured hippocampal neurons [23]. Many other signals as well as
Figure 1. The actin cytoskeleton in lamellipodia and filopodia. (A) Diagram of a growth cone. The axon shaft and growth cone body are
represented by dark purple. The thinner lamellipodial and filopodial extensions are indicated by light purple. (B) Schematic diagram of the actin
cytoskeleton in a region of lamellipodium containing a filopodium. Actin filaments are indicated by green triangles, with the flat end of the triangle
representing the plus or barbed end of the actin filament. The plasma membrane is indicated by a black line. Actin filaments in the lamellipodium are
nucleated by Arp2/3 (blue circles) at 70u angles from an existing filament and by non-Arp2/3 factors (blue diamond). Actin filaments are capped by
actin-capping proteins, such as Eps8 (red stop signs). Anti-capping proteins, such as Enabled (yellow diamonds), displace capping proteins and allow
actin filaments to achieve greater lengths and protrude into filopodial extensions, in which actin filaments are bundled by actin-bundling proteins
(black circles).
doi:10.1371/journal.pbio.1000142.g001
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change have been identified. What makes this study stand out is
that it links BDNF treatment to a specific biochemical activity of
an actin-capping protein called Eps8, thus establishing a direct link
between extracellular BDNF and axonal filopodia formation.
Through genetic analysis, the authors show that Eps8 is normally
required to inhibit filopodia formation (Figure 2A). Eps8 has been
shown to have multiple effects on actin, including capping activity
and actin filament cross-linking activity. Importantly, the authors
show that the actin-capping activity of Eps8 is the relevant
biochemical activity required to inhibit filopodia formation.
Thus, loss of Eps8 activity had the same consequences as
treatment with BDNF, namely enhanced filopodia formation,
prompting the authors to ask if BDNF regulated the activity of
Eps8 in filopodia formation. BDNF activates Trk receptor tyrosine
kinases, which in turn activate MAP kinase signaling inside the
cell. Strikingly, they found that phosphorylation of Eps8 in
response to BDNF and MAPK inhibited the capping activity of
Eps8 and also caused a subcellular redistribution of Eps8 away
from actin-rich structures (Figure 2B). Whereas it is clear that
molecules that stimulate actin polymerization are required for
filopodia formation, this work clearly implicates the inhibition of
actin-capping proteins as a key event in filopodia formation. In a
growth cone or migrating cell, one can imagine that in response to
an external signal (e.g., BDNF), asymmetric deactivation of Eps8
by MAPK on one side of the cell or growth cone could result in
asymmetric filopodial protrusion, resulting in altered outgrowth
and guidance.
Eps8 is only one of a number of actin-interacting proteins that
affect filopodia formation, and further studies will be required to
understand how these different molecules work in concert to
control filopodia formation in migrating cells and growth cones
and in synapse formation. In particular, it will be important to
demonstrate that this pathway and others involved in cytoskeletal
regulation and filopodia formation have roles in the developing
organism, particularly in synapse organization and plasticity. It is
likely that this signal transduction pathway involving the anti-
capping activity of Eps8 will be involved in other developmental
events, such as gastrulation and non-neuronal cell migration, as
molecules and signaling pathways often have conserved functions
in distinct cell types. Furthermore, this pathway might be
important in pathological situations, such as migration of tumor
cells during metastasis. While it is possible that BDNF will be the
relevant ligand in these cases, it is more likely that Eps8 acts
downstream of multiple different ligands in distinct developmental
events, reflecting the modularity with which ligands and signaling
pathways are iteratively utilized during development. This work
on Eps8 in axonal filopodia formation sets the stage for future
studies on the role of this pathway in other morphogenetic events
in development.
References
1. Keller R (2005) Cell migration during gastrulation. Curr Opin Cell Biol 17:
533–541.
2. Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M (2008)
Growth factors and cytokines in wound healing. Wound Repair Regen 16:
585–601.
3. Wels J, Kaplan RN, Rafii S, Lyden D (2008) Migratory neighbors and distant
invaders: tumor-associated niche cells. Genes Dev 22: 559–574.
4. Menna E, Disanza A, Cagnoli C, Schenk U, Gelsomino G, et al. (2009) Eps8
regulates axonal filopodia in hippocampal neurons in response to brain-derived
neurotrophic factor (BDNF). PLoS Biol 7(6): e1000138. doi:10.1371/journal.
pbio.1000138.
5. Solecki DJ, Govek EE, Tomoda T, Hatten ME (2006) Neuronal polarity in CNS
development. Genes Dev 20: 2639–2647.
6. Barnes AP, Solecki D, Polleux F (2008) New insights into the molecular
mechanisms specifying neuronal polarity in vivo. Curr Opin Neurobiol 18:
44–52.
7. Hatten ME (2002) New directions in neuronal migration. Science 297:
1660–1663.
8. Engert F, Bonhoeffer T (1999) Dendritic spine changes associated with
hippocampal long-term synaptic plasticity. Nature 399: 66–70.
9. Borisy GG, Svitkina TM (2000) Actin machinery: pushing the envelope. Curr
Opin Cell Biol 12: 104–112.
10. Pollard TD, Borisy GG (2003) Cellular motility driven by assembly and
disassembly of actin filaments. Cell 112: 453–465.
11. Welch MD, Mallavarapu A, Rosenblatt J, Mitchison TJ (1997) Actin dynamics
in vivo. Curr Opin Cell Biol 9: 54–61.
Figure 2. BDNF and MAPK inhibit Eps8, allowing for localized filopodia formation. (A) In the absence of BDNF, Eps8 is an active capping
protein that prevents the formation of long filopodial actin filaments. (B) BDNF (gray circle) is detected by Trk receptor tyrosine kinases, which locally
activate MAPK signaling. MAPK activation results in phosphorylation (red ‘‘P’’) and inhibition of the actin-capping activity of Eps8, as well as
translocation of Eps8 away from actin-rich peripheral regions. In regions where Eps8 is inactivated, actin filaments are able to achieve greater lengths
to mediate the formation of filopodia.
doi:10.1371/journal.pbio.1000142.g002
PLoS Biology | www.plosbiology.org 3 June 2009 | Volume 7 | Issue 6 | e100014212. Svitkina TM, Bulanova EA, Chaga OY, Vignjevic DM, Kojima S, et al. (2003)
Mechanism of filopodia initiation by reorganization of a dendritic network. J Cell
Biol 160: 409–421.
13. Koestler SA, Auinger S, Vinzenz M, Rottner K, Small JV (2008) Differentially
oriented populations of actin filaments generated in lamellipodia collaborate in
pushing and pausing at the cell front. Nat Cell Biol 10: 306–313.
14. Korobova F, Svitkina T (2008) Arp2/3 complex is important for filopodia
formation, growth cone motility, and neuritogenesis in neuronal cells. Mol Biol
Cell 19: 1561–1574.
15. Krause M, Dent EW, Bear JE, Loureiro JJ, Gertler FB (2003) Ena/VASP
proteins: regulators of the actin cytoskeleton and cell migration. Annu Rev Cell
Dev Biol 19: 541–564.
16. Withee J, Galligan B, Hawkins N, Garriga G (2004) Caenorhabditis elegans
WASP and Ena/VASP proteins play compensatory roles in morphogenesis and
neuronal cell migration. Genetics 167: 1165–1176.
17. Shakir MA, Gill JS, Lundquist EA (2006) Interactions of UNC-34 Enabled with
Rac GTPases and the NIK kinase MIG-15 in Caenorhabditis elegans axon
pathfinding and neuronal migration. Genetics 172: 893–913.
18. Chang C, Adler CE, Krause M, Clark SG, Gertler FB, et al. (2006) MIG-10/
lamellipodin and AGE-1/PI3K promote axon guidance and outgrowth in
response to slit and netrin. Curr Biol 16: 854–862.
19. Cingolani LA, Goda Y (2008) Actin in action: the interplay between the actin
cytoskeleton and synaptic efficacy. Nat Rev Neurosci 9: 344–356.
20. Jontes JD, Buchanan J, Smith SJ (2000) Growth cone and dendrite dynamics in
zebrafish embryos: early events in synaptogenesis imaged in vivo. Nat Neurosci
3: 231–237.
21. Mortimer D, Fothergill T, Pujic Z, Richards LJ, Goodhill GJ (2008) Growth
cone chemotaxis. Trends Neurosci 31: 90–8.
22. Tessier-Lavigne M, Goodman CS (1996) The molecular biology of axon
guidance. Science 274: 1123–1133.
23. Gehler S, Gallo G, Veien E, Letourneau PC (2004) p75 neurotrophin receptor
signaling regulates growth cone filopodial dynamics through modulating RhoA
activity. J Neurosci 24: 4363–4372.
PLoS Biology | www.plosbiology.org 4 June 2009 | Volume 7 | Issue 6 | e1000142